The identification of novel molecular mechanisms for cardiac hypertrophy is of considerable interest. Results: Cardiomyocyte-specific knockout of KLF4 enhanced ␤-adrenoreceptor agonist-induced cardiac hypertrophy by modulating myocardin expression and activity. Conclusion: KLF4 is a novel regulator of cardiac hypertrophy. Significance: Control of KLF4 is a potential therapeutic target for cardiac hypertrophy.
ride-induced lung injury and pulmonary edema in mice (9) . As such, the results of the preceding studies provide evidence that KLF4 is a critical factor regulating the development of multiple vascular diseases.
Regarding the role of KLF4 in the heart, results of our previous studies showed that KLF4 was expressed in the heart from late embryonic development through adulthood, and some KLF4-positive cells were positive for GATA4, which is mainly expressed in cardiomyocytes (10) . We also showed that smooth and cardiac muscle-selective Klf4 deletion under the control of the Tagln promoter resulted in postnatal death and growth retardation in mice (10) . The phenotype of Tagln promoter-dependent Klf4 knockout mice was likely to be caused by a defect of Klf4 in the heart, rather than in SMCs, because no differences in the expression levels of SMC differentiation markers and in the morphology of the aorta and coronary vessels were found between conditional Klf4 knockout mice and control mice and because cardiac output was decreased significantly in Klf4-deficient mice, as determined by magnetic resonance imaging (10) . However, TAGLN is not a specific marker for cardiomyocytes (11) , and studies are needed to further define the role of KLF4 in the heart. In addition, the results of recent studies showed that mice deficient for Klf4 in cardiomyocytes were viable but highly sensitized to transverse aortic constriction, although the underlying mechanisms remain unidentified (12) . To confirm and extend the preceding results, we here derived cardiomyocyte-specific Klf4 knockout (CM Klf4 KO) mice by breeding transgenic mice expressing Cre recombinase under the control of the ␣-myosin heavy chain (Myh6) promoter (Myh6-Cre mice) (13) and Klf4 loxP mice (14) and examined the effects of Klf4 deletion on cardiac hypertrophy induced by chronic infusion of the ␤-adrenoreceptor agonist isoproterenol (ISO). We also sought to determine the mechanisms by which KLF4 regulated the reactivation of fetal cardiac genes during the development of cardiac hypertrophy. Finally, we examined whether KLF4 mediated the antihypertrophic effect of olmesartan and trichostatin A (TSA), which are an angiotensin II type 1 receptor antagonist and a histone deacetylase (HDAC) inhibitor, respectively.
EXPERIMENTAL PROCEDURES
Generation of CM Klf4 KO Mice-Animal protocols were approved by the Keio University Animal Care and Use Committee. Klf4 loxP/loxP mice, provided by Dr. Klaus H. Kaestner (14) , were bred with Myh6-Cre ϩ/Ϫ mice (13) to generate Myh6-Cre ϩ/Ϫ /Klf4 loxP/ϩ mice. Myh6-Cre ϩ/Ϫ /Klf4 loxP/ϩ mice were then bred with Klf4 loxP/loxP mice to generate Myh6-Cre ϩ/Ϫ / Klf4 loxP/loxP (CM Klf4 KO) mice and Myh6-Cre Ϫ/Ϫ /Klf4 loxP/loxP (control) mice. Tagln promoter-dependent Klf4 knockout mice were generated by breeding Tagln-Cre mice and Klf4 loxP/loxP mice as described previously (10) . All mice were on the C57BL/6J background, and littermates were used for comparisons. Genotyping was performed by PCR as described previously (5, 14) . The amounts of the Klf4 loxP allele and the Acta2 promoter region in the genome extracted from the heart or isolated cardiomyocytes were determined by real-time PCR (5, 14) , and the ratio of the Klf4 loxP allele to the Acta2 promoter region was calculated to evaluate the recombination rate. Iso-lation of cardiomyocytes from day 1 neonates was performed with a Pierce primary cardiomyocyte isolation kit (Thermo Scientific, Rockford, IL).
Cardiac Hypertrophy Models-Mice were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg), and micro-osmotic pumps (Alzet model 1002, Durect Corp., Cupertino, CA) containing saline or ISO (Sigma-Aldrich, St. Louis, MO), the latter calibrated to release the drug at a rate of 30 mg/kg/day for 14 days, were implanted surgically and subcutaneously in the interscapular region of the mouse (15) . Blood pressure and heart rate were measured by the tail cuff method (BP-98E, Softron, Tokyo, Japan) before and on day 13 after mini pump implantation. Mice were sacrificed on day 14 after the surgery. Olmesartan (Daiichi-Sankyo Co. Ltd., Tokyo, Japan) was given by gavage at a dose of 10 mg/kg/day to a subset of mice for 14 days after the surgery (16, 17) . TSA (Sigma-Aldrich) at 0.6 mg/kg/day was injected intraperitoneally into a subset of mice for 14 days after the surgery (18) . For the angiotensin II-induced cardiac hypertrophy model, mice received a subcutaneous infusion of angiotensin II (Sigma-Aldrich) at a rate of 2 mg/kg/day for 14 days, as described previously (19) .
Tissue Harvesting, Histology, and Morphometric Analyses-Mice were weighed and euthanized. The atria were dissected away from the ventricles. The ventricles were weighed and divided into multiple pieces for histology, RNA extraction, total cellular protein extraction, and chromatin immunoprecipitation assays. For histology, tissues were fixed in 4% paraformaldehyde and embedded into OCT compound. Masson trichrome staining (Sigma-Aldrich) was performed to evaluate cardiac fibrosis. The level of fibrosis was graded as an integer number from 0 -4 in a blinded manner. To quantify the individual myocyte size, sections were stained with Alexa Fluor 555-conjugated wheat germ agglutinin (Invitrogen) and DAPI. The myocyte area was assessed by Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). The mean cardiomyocyte area was evaluated by measurement of 10 cells/heart (5-6 hearts/genotype).
Plasmid Constructs-Expression plasmids for Myc-KLF4, FLAG-KLF4, and FLAG-myocardin (MYOCD) have been described previously (4, 20) . The rat Nppa (Ϫ633/ϩ88) promoter-luciferase construct in the pGL3-basic vector (Promega, Madison, WI) was made by PCR amplification of the DNA fragments. Site-directed mutagenesis of the Nppa promoter-luciferase construct was performed using the QuikChange II sitedirected mutagenesis kit (Agilent Technologies, Santa Clara, CA). The structure was confirmed by DNA sequencing.
Cell Culture-Rat H9c2 cells (ATCC) were cultured in DMEM supplemented with 10% FBS (Invitrogen). One day after plating 10,000 cells/cm 2 , the medium was changed to DMEM without serum for 24 h. Cells were then transfected with the KLF4 expression plasmid or Klf4 siRNA using Superfect (Qiagen, Valencia, CA) or Lipofectamine RNAiMAX (Invitrogen), respectively (21) . Cells were cultured in DMEM with 10% FBS or no serum for an additional 24 h. For luciferase assays, DNA plasmids and siRNAs were transfected into H9c2 cells, and cells were incubated for 48 h in DMEM supplemented with 10% FBS. Luciferase activity was measured as described previously (22) .
Real-time RT-PCR-Total RNA prepared from the heart or cultured H9c2 cells was used for real-time RT-PCR. Primer and probe sequences for Nppa, Nppb, Myh7, Klf4, Myocd, serum response factor (Srf), and 18 S rRNA have been described previously (10, 22, 23) . Expression of microRNAs (miR-1, miR-9, and miR-133a) and small nucleolar RNA 202 was measured by Taq-Man microRNA assays (Invitrogen).
Western Blotting and Immunofluorescence Studies-Western blotting was performed using antibodies for NPPA (Peninsula Laboratories, San Carlos, CA) and GAPDH (6C5, Millipore, Billerica, MA), as described previously (4, 10) . Immunofluorescence studies were performed by using antibodies for ␣-actinin (catalog no. EA-53, Sigma-Aldrich), Myc (Abcam), and FLAG (Sigma). The cell surface area where ␣-actinin was stained was quantified using Image-Pro Plus software by measurement of 10 cells/group. EMSA-EMSA was performed using a LightShift chemiluminescent EMSA kit (Thermo Scientific). The 5Ј biotin-labeled oligonucleotide (5Ј-CTCTCACACCTTTGAAG-3Ј) was annealed to its complementary sequence and incubated with cellular lysates from H9c2 cells transfected with the FLAG-KLF4 expression plasmid. Competition assays were performed using an unlabeled double-stranded oligonucleotide or its mutant (5Ј-CTCTCACTGG-TTTGAAG-3Ј). The FLAG antibody was used for supershift assays.
Quantitative Chromatin Immunoprecipitation Assays-Quantitative chromatin immunoprecipitation assays were performed using anti-KLF4 antibody or anti-SRF antibody, as described previously (4, 5, 10) . Real-time PCR was performed to amplify the promoter region of the Nppa gene. Primer sequences were as follows: Nppa-proF, 5Ј-GGCCAGAGGTC-CACCCACGA-3Ј; Nppa-proR, 5Ј-CCAGACCCTCAGCTGC-AAGA-3Ј.
Statistical Analyses-Data are presented as mean Ϯ S.E. Statistical analyses were done by SigmaPlot/SigmaStat9 (Systat Software Inc., San Jose, CA). After confirming that the data passed the normality test for parametric analyses, unpaired Student's t test (see Fig. 1 , C and D), one-way factorial analysis of variance ( Fig. 7B ), two-way factorial analysis of variance (see Figs. 2, A, B , and E-G; 2I; 3, A-F; 4, A-C, E, and G; 5, A-C; 6, A-D; and 8C), and three-way factorial analysis of variance ( Fig. 9 , A-H) were performed with a post hoc Fisher protected least significant difference test. A Kruskal-Wallis non-parametric test was performed for Fig. 2C because the data did not pass the normality test. p Ͻ 0.05 was considered significant.
RESULTS

CM Klf4 KO Mice Grew
Normally to Adulthood-To determine the role of KLF4 in cardiac hypertrophy, CM Klf4 KO mice were generated by breeding Myh6-Cre mice and Klf4 loxP mice ( Fig. 1A) . CM Klf4 KO mice were born at the expected Mendelian ratio and were grown to adulthood without any differences in visible appearance compared with controls. Body weight (24.3 Ϯ 1.3 g in CM Klf4 KO mice versus 23.6 Ϯ 0.9 g in control mice, n ϭ 10/genotype), systolic blood pressure (103.2 Ϯ 2.8 mm Hg in CM Klf4 KO mice versus 100.1 Ϯ 1.5 mm Hg in control mice, n ϭ 10/genotype), diastolic blood pressure (67.9 Ϯ 3.5 mm Hg in CM Klf4 KO mice versus 64.4 Ϯ 2.0 mm Hg in control mice, n ϭ 10/genotype), and heart rate (642 Ϯ 15 beats/min in CM Klf4 KO mice versus 659 Ϯ 30 beats/min in control mice, n ϭ 10/genotype) at 11 weeks of age were similar in CM Klf4 KO mice and control mice. Selective recombination of the Klf4 loxP allele was seen in the heart, but not in the brain and colon, in CM Klf4 KO mice ( Fig. 1B) . Results of our previous studies showed that smooth and cardiac muscle-selective knockout of the Klf4 gene in mice under the control of the Tagln promoter resulted in postnatal death and growth retardation, probably because of lack of Klf4 in the heart SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 26109 (10) . To clarify the reasons for the differences in growth and survival between CM Klf4 KO mice and Tagln promoter-dependent Klf4 knockout mice, the recombination rate of the Klf4 loxP allele was determined in hearts from day 1 neonates in both mice. Although 84% of the Klf4 loxP allele was recombinated in the hearts of Tagln promoter-dependent Klf4 knockout neonates, the recombination rate was 55% in CM Klf4 KO neonates (Fig. 1C ). Because the proportion of cardiomyocytes in the heart is about 50 -60% (24), it is likely that the recombination in Tagln promoter-dependent Klf4 knockout mice occurred in multiple cardiac cell types in addition to cardiomyocytes, whereas the recombination occurred specifically in cardiomyocytes in CM Klf4 KO mice. In support of this, the recombination rate of the Klf4 loxP allele in isolated cardiomyocytes derived from day 1 neonates of CM Klf4 KO mice was much higher than in the hearts of these mice (Fig. 1D ). These results may explain why CM Klf4 KO mice grew up normally even though KLF4 plays a key role in late fetal and/or postnatal cardiac development in Tagln-dependent, Klf4-deficient mice (10) .
KLF4 Regulates Cardiac Hypertrophy
ISO-induced Cardiac Hypertrophy Was Accelerated in CM Klf4 KO Mice-CM Klf4 KO mice and control mice 11-12 weeks old received a continuous subcutaneous infusion of ISO for 14 days via osmotic mini pumps. After 2 weeks of ISO infusion, body weight, systolic and diastolic blood pressure, and heart rate were unaltered in CM Klf4 KO mice and in control mice (Fig. 2 , A-C). However, ISO infusion caused increases in heart weight, the heart weight to body weight (HW/BW) ratio, as well as the heart weight to tibia length (HW/TL) ratio in both mice (Fig. 2 , D-G). Of particular interest, ISO-induced increases in these parameters were accelerated in CM Klf4 KO mice compared with control mice. Indeed, ISO induced a 31% increase in the HW/BW ratio in CM Klf4 KO mice, whereas it only increased 20% in control mice. Consistent with these results, microscopic analysis of cardiomyocytes stained with a fluorescently labeled wheat germ agglutinin revealed that the areas of cardiomyocytes were significantly larger in ISO-treated hearts of CM Klf4 KO mice than those of control mice, although both of them were larger than those of ISO-untreated counterparts ( Fig. 2 , H and I). Accelerated cardiac hypertrophy in CM Klf4 KO mice was also seen in an angiotensin II infusion model ( Fig. 3) .
Expression of fetal cardiac markers was examined by realtime RT-PCR. Results showed that, although the expression of Nppa, Nppb, and Myh7 in ISO-untreated hearts did not differ between CM Klf4 KO mice and control mice, the ISO-induced augmentation of these genes was more remarkable in CM Klf4 KO mice than in control mice ( Fig. 4 , A-C). That is, ISO-induced increases in expression of Nppa, Nppb, and Myh7 were 2.6-fold, 2.7-fold, and 4.2-fold in CM Klf4 KO mice, respectively, whereas they were 1.7-fold, 2.1-fold, and 3.1-fold in control mice. Moreover, ISO-mediated induction of NPPA expression at the protein level was more exaggerated in CM Klf4 KO mice than in control mice (Fig. 4, D and E) . In addition to the enhanced induction of fetal cardiac markers, cardiac fibrosis was more significant in CM Klf4 KO mice than in control mice, as determined by Masson trichrome staining and the semiquantitative scoring system (Fig. 4, F and G) . Taken together, these results suggest that ISO-induced cardiac hypertrophy is accelerated in CM Klf4 KO mice compared with control mice.
We examined the apoptotic rate and the expression of microRNAs in the hearts of ISO-treated CM Klf4 KO mice. First, the apoptotic rate in ISO-treated hearts did not differ between CM Klf4 KO mice and control mice, as determined by TUNEL staining (data not shown). Second, we hypothesized that microRNAs might play a role in the dissociation between Nppa mRNA expression (2.6-fold versus controls, Fig. 4A ) and NPPA protein expression (8.4-fold versus controls, Fig. 4E ) in ISO-treated CM Klf4 KO mice. Expression of miR-1, miR-9, and miR-133a, which are known to be involved in cardiac hypertrophy (25) , was measured by real-time RT-PCR. The results showed that expression of miR-1 was increased in both ISO-treated and ISO-untreated hearts of CM Klf4 KO mice, although ISO did not induce miR-1 expression in CM Klf4 KO mice and control mice ( Fig. 5A ). Expression of miR-9 and miR-133a in the hearts was unaltered by ISO treatment or Klf4 deletion ( Fig. 5, B and C) . These results suggest that apoptosis and microRNAs do not play a critical role in accelerated cardiac hypertrophy in CM Klf4 KO mice.
KLF4 Attenuated Hypertrophy-related Nppa Induction by Suppressing MYOCD Expression and Activity-To clarify the molecular mechanisms by which KLF4 controls ISO-induced cardiac hypertrophy, we sought to determine whether KLF4 regulates MYOCD-induced Nppa expression. MYOCD is a cardiac and smooth muscle-specific cofactor of SRF that potently activates the transcription of CArG element-containing muscle-selective genes, including Nppa, Nppb, and Myh7 (20, 26) . The results of previous studies showed that MYOCD induced cardiac hypertrophy (26) and that it was up-regulated in the hearts of piglets with doxorubicin-induced cardiomyopathy and in patients with dilated cardiomyopathy (27) . As shown in Fig. 6A , quantitative analysis using real-time RT-PCR showed that ISO-induced Myocd expression was more abundant in the hearts of CM Klf4 KO mice (2.2-fold) than in control mice (1.5-fold), although Myocd expression levels in ISO-untreated hearts did not differ between CM Klf4 KO mice and control mice. By contrast, Srf expression was unaltered by either ISO infusion or Klf4 deletion (Fig. 6B ). Klf4 expression in the hearts was induced by chronic ISO infusion in control mice, whereas it was diminished in CM Klf4 KO mice (Fig. 6C) . The effects of KLF4 on the expression of Nppa and Myocd were then examined in cultured H9c2 cardiac cells. Consistent with the results seen in mice in vivo, siRNA-mediated knockdown of Klf4 augmented the serum-induced activation of Nppa and Myocd, whereas overexpression of KLF4 inhibited the seruminduced activation of these genes in H9c2 cells (Fig. 6D) . These results suggest that the repressive effect of KLF4 on Nppa expression is mediated, at least in part, by the down-regulation of Myocd expression in the heart.
In addition to the repressive effect of KLF4 on Myocd expression, we found that KLF4 also suppressed MYOCD activity, on the basis of the following observations. First, although overexpression of MYOCD enlarged cell surface areas in H9c2 cells, coexpression of KLF4 abolished MYOCD-induced cellular enlargement (Figs. 7, A and B) . Second, the results of transfection/luciferase assays showed that MYOCD induced the tran-scriptional activity of the Nppa (Ϫ633/ϩ88) luciferase construct and that the effect of MYOCD was attenuated by KLF4 in H9c2 cells (Fig. 8A) . These results suggest that KLF4 inhibits the effect of MYOCD on cellular enlargement as well as Nppa expression through the posttranslational mechanisms in cardiac cells. Of interest, a consensus KLF4 binding site, 5Ј-(G/A)(G/A)GG(C/T)G(C/T)-3Ј, was found at Ϫ250/Ϫ244 bp between two CArG elements (Ϫ409/Ϫ400 bp and Ϫ117/Ϫ108 bp) within the Nppa (Ϫ633/ϩ88) promoter. Therefore, we examined the effects of mutation of the KLF4 binding site by site-directed mutagenesis. The results showed that mutation of the KLF4 binding site within the Nppa promoter attenuated the inhibitory effect of KLF4 on MYOCD-induced Nppa activation (Fig. 8A ). In addition, KLF4 binding to the KLF4 binding site was detectable by EMSA ( Fig. 8B) . Indeed, FLAG-tagged KLF4 bound with the biotin-labeled double-stranded oligonucleotide probe containing the KLF4 binding site, and the binding disappeared in the presence of an excess of unlabeled probe or anti- FLAG antibody. Moreover, in vivo chromatin immunoprecipitation assays showed that KLF4 binding with the Nppa promoter was increased by ISO infusion in the hearts of control mice but that the binding was undetectable in CM Klf4 KO mouse hearts (Fig. 8C ). On the other hand, SRF binding with the Nppa promoter was increased by ISO infusion in control mice, and it was enhanced further in the hearts of ISO-treated CM Klf4 KO mice. Taken together, these results suggest that KLF4 regulates Nppa expression by at least two mechanisms: KLF4 suppresses Myocd expression, and KLF4 represses the activity of MYOCD by binding to the KLF4 binding site between CArG elements within the Nppa promoter.
Olmesartan, but Not TSA, Attenuated ISO-induced Cardiac Hypertrophy in CM Klf4 KO Mice-Both angiotensin II type 1 receptor antagonists (16, 17) and histone deacetylase inhibitors (18, 28) have been shown to attenuate the progression of cardiac hypertrophy. We determined whether the antihypertrophic effects of olmesartan and TSA were mediated by KLF4 using CM Klf4 KO mice. CM Klf4 KO mice and control mice received a daily oral dose of olmesartan or a daily intraperitoneal injection of TSA during the continuous subcutaneous ISO infusion for 14 days. The doses and the routes of administration for these antihypertrophic reagents were as those employed in previous studies (16, 18) . Results showed that body weight, systolic blood pressure, and heart rate were unaltered by treatment with olmesartan or TSA, although the diastolic blood pressure was decreased by olmesartan treatment in ISO-untreated CM Klf4 KO mice and control mice ( Fig. 9, A-C) . Consistent with the results of previous studies (16 -18, 28) , treatment with olmesartan and TSA attenuated ISO-induced cardiac hypertrophy in control mice, as assessed by heart weight, the HW/BW ratio, and the HW/TL ratio (Fig. 9, D-F) . However, significantly, olmesartan, but not TSA, blunted ISO-induced cardiac hypertrophy in CM Klf4 KO mice. Indeed, olmesartan treatment decreased the HW/BW ratio by 81% in ISO-treated CM Klf4 KO mice, but TSA only decreased it by 95%. Similar trends were observed in the HW/TL ratio, the areas of cardiomyocytes, as well as Nppa expression, although TSA slightly decreased ISO- SEPTEMBER 19, 2014 • VOLUME 289 • NUMBER 38
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induced Nppa expression in CM Klf4 KO mice (Fig. 9, F-H) . Consistently, the results of transfection/luciferase assays showed that serum-induced transcriptional activation of the Nppa gene was blocked by TSA and that this effect was abol-ished by siRNA-mediated knockdown of Klf4 in H9c2 cells (Fig. 10 ). As such, these results suggest that the antihypertrophic effect of TSA, but not olmesartan, was mediated by KLF4 in the heart. A, H9c2 cells were transfected with the Nppa promoter-luciferase construct, its mutant of the KLF4 binding site, or the pGL3-basic plasmid with the expression plasmid for MYOCD and increasing amounts of KLF4 expression plasmid. Luciferase (Luc) activity was measured and normalized to protein content (n ϭ 4). Ct, control. B, EMSA was performed using cellular lysates from FLAG-KLF4-transfected H9c2 cells and a 5Ј biotin-labeled, double-stranded oligonucleotide probe containing the putative KLF4 binding site. Competition assays were performed using WT or mutated (Mut) cold competitors. Supershift assays were performed using anti-FLAG antibody or control IgG. C, association of KLF4 and SRF with the Nppa promoter was examined by in vivo chromatin immunoprecipitation assays in the hearts of ISO-treated CM Klf4 KO mice and control mice (n ϭ 4/group). *, p Ͻ 0.05 compared with ISO-untreated mice.
DISCUSSION
In this study, we showed that ISO-induced cardiac hypertrophy was enhanced in CM Klf4 KO mice compared with control mice. Indeed, the HW/BW ratio and the HW/TL ratio, established measures of cardiac hypertrophy, were both increased in ISO-treated CM Klf4 KO mice compared with ISO-treated control mice. Accelerated cardiac hypertrophy in CM Klf4 KO mice was accompanied by the augmented cellular enlargement of cardiomyocytes as well as the exaggerated expression of fetal cardiac marker genes, including Nppa, Nppb, and Myh7. Mechanistic analyses demonstrated that KLF4 suppressed the expression and the activity of MYOCD, a potent transcriptional cofactor for SRF. Because MYOCD has been shown to be an inducer of cardiac hypertrophy (26), KLF4-mediated alterations in the expression and the activity of MYOCD are likely to be the underlying mechanisms for accelerated cardiac hypertrophy in ISO-treated CM Klf4 KO mice. Moreover, we showed that olmesartan, but not TSA, attenuated ISO-induced cardiac hypertrophy in CM Klf4 KO mice, although both reagents efficiently inhibited it in control mice. As such, the results of this study provide evidence that KLF4 regulates ISO-induced cardiac hypertrophy by modulating MYOCD expression and activity and that KLF4 mediates the antihypertrophic effect of the HDAC inhibitor TSA in mice in vivo. Although the results of our previous studies showed that Tagln promoter-dependent, Klf4-deficient mice exhibited severe growth retardation and postnatal death (10), CM Klf4 KO mice grew normally to adulthood. The differences in phenotype between these mice are caused by the differences in the promoter driving Cre recombinase, i.e. the Tagln promoter versus the Myh6 promoter. The Tagln promoter is active in embryonic and adult SMCs as well as in hearts between embryonic days (E) 8.0 and E12.5 (11) . By contrast, MYH6 is a marker of matured cardiomyocytes, but results of several previous studies showed that Cre recombination in Myh6-Cre mice started at E9.5 and occurred in nearly all cardiomyocytes by E11.5 (29, 30) . Because KLF4 expression in the heart is first detectable at E18.5 (10) , it is unlikely that the difference in timing of the recombination affected the distinct phenotype between these mice. Alternatively, it is highly possible that the cell specificity of Cre recombination contributed to the distinct phenotype. Indeed, although the recombination rate of the Klf4 loxP allele was 55% in neonatal hearts of CM Klf4 KO mice, it was over 80% in the hearts of Tagln promoter-dependent, Klf4-deficient mouse neonates. Because 50 -60% of cells in the heart are cardiomyocytes (24) , our results suggest that the recombination occurs specifically in cardiomyocytes in CM Klf4 KO mice, whereas it occurs in multiple cell types, including SMCs, cardiomyocytes, and other cell types, in Tagln promoter-dependent, Klf4-deficient mice. In support of this, the results of previous studies using Tagln-Cre mice and indicator mice containing a Cre-activated LacZ gene showed that Cre-dependent LacZ expression was observed in almost all cells in the left and right ventricles (31) . Further studies are needed to determine the cellular fate of temporary TAGLN-positive cells in the heart.
The results of this study showed that KLF4 regulated Myocd expression in cardiac cells. Indeed, siRNA-mediated repression of Klf4 augmented serum-activated Myocd expression, whereas overexpression of KLF4 inhibited it in H9c2 cells. Moreover, induction of Myocd expression was enhanced more in the hearts of ISO-treated CM Klf4 KO mice than in control mice. Consistent with these results, KLF4 has been shown to repress Myocd expression in cultured aortic SMCs (32, 33) . Oxidized phospholipids induced an increase in KLF4 expression and a decreased expression of Myocd in cultured SMCs, and the reduction in Myocd expression was abolished by the presence of Klf4 siRNA (32) . Likewise, interleukin-1␤ increased KLF4 expression, but it repressed expression of Myocd and SMC differentiation markers in cultured SMCs (33) . The repressive effect of interleukin 1␤ on Myocd expression is considered to be mediated through KLF4 because interleukin 1␤-induced repression of Myocd expression was abolished in Klf4-deficient SMCs (33) . KLF4 repressed Myocd expression by binding to the consensus KLF4 binding site within the Myocd promoter in concert with p65, a component of NF-B in SMCs (33) . Mutation of either the KLF4 binding site or the NF-B binding site attenuated interleukin 1␤-induced transcriptional repression of the Myocd gene in SMCs. In addition, both KLF4 and p65 were enriched within the Myocd promoter in SMCs after interleukin 1␤ treatment, as determined by chromatin immunoprecipitation assays. Moreover, KLF4 has been shown to interact with p65 by coimmunoprecipitation assays (34) . As such, the preceding studies provide evidence that KLF4 represses Myocd expression in concert with p65 in SMCs. However, inhibition of the NF-B pathway has been shown to reduce ISO-induced cardiac hypertrophy in mice (19) , suggesting that KLF4 and NF-B counteract each other in the heart. It is of interest to further determine the relationship between KLF4, NF-B, and other transcription factors during the progression of cardiac disease.
In this study, we showed that KLF4 not only decreased Myocd expression but that it also suppressed the activity of MYOCD in cardiac cells. Overexpression of KLF4 inhibited MYOCD-induced cellular enlargement. In addition, KLF4 attenuated MYOCD-induced Nppa expression by binding to the KLF4 binding site located between CArG elements within the Nppa promoter. MYOCD is a non-DNA-binding transcriptional cofactor of SRF, and SRF is a binding factor for CArG elements (20, 35) . Many muscle-specific genes, such as Nppa, contain multiple CArG elements within their promoter, and homodimerization of MYOCD activates the transcription of these genes by eliciting the interaction between multiple SRF-CArG complexes (35) . Because the KLF4 binding site within the Nppa promoter is located between two CArG elements, KLF4 would efficaciously interfere with MYOCD, which brings two SRF-CArG complexes closer to each other. In fact, the binding affinity of SRF to CArG elements was increased greatly in the hearts of ISO-treated CM Klf4 KO mice compared with ISOtreated control mice. Of importance, the KLF4 binding site within the Nppa promoter is completely conserved among humans, mice, and rats. Moreover, it also appears at Ϫ432/ Ϫ426 bp within the NPPB promoter, which is located near the proximal CArG element (Ϫ181/Ϫ172 bp). As such, the results of this study demonstrate that KLF4 regulates cardiac hypertrophy through multiple mechanisms, including the modulation of MYOCD expression and activity.
Recently, multiple HDAC inhibitors, such as TSA, valproic acid, SK-7041, and Scriptaid, have been shown to be useful for preventing cardiac hypertrophy in vivo (18, 28) . The antihypertrophic effect of these HDAC inhibitors is thought to be mediated by blocking HDAC2 because inactivation of HDAC2 resulted in constitutive activation of glycogen synthase kinase-3␤, an important negative regulator of cardiac hypertrophy, and because Hdac2 deficiency in mice attenuated cardiac hypertrophy in response to hypertrophic stimuli, whereas Hdac2 transgenic mice exhibited augmented cardiac hypertrophy (36) . In this study, we showed that KLF4 was a factor mediating the repressive effect of TSA on ISO-induced cardiac hypertrophy in mice. Of interest, KLF4 has been shown to physically interact with HDAC2, as determined by GST pulldown assays (37) . Moreover, the results of previous studies in cultured cardiomyocytes showed that KLF4 was a downstream target of HDAC2 (38) . As such, KLF4 is likely to be a factor mediating the antihypertrophic effect of HDAC inhibitors by associating with HDAC2. Further studies are needed to examine the physical and/or functional relationship between KLF4 and glycogen synthase kinase 3␤ in hypertrophic hearts.
In contrast to the relationship between KLF4 and HDAC signaling, we showed that KLF4 did not mediate the antihypertrophic effect of olmesartan on ISO-induced cardiac hypertrophy. In this regard, it is worth noting that angiotensin II type 1 receptor antagonists are able to interfere with ␤-adrenergic receptors via receptor-receptor interaction (39) . The results of previous studies showed that angiotensin II type 1 receptors and ␤-adrenergic receptors formed constitutive complexes and that a single receptor antagonist effectively blocked downstream signaling of both receptors simultaneously (39) . On the basis of these findings, it is highly possible that olmesartan blocked ISO-mediated activation of ␤-adrenergic receptor signaling at the cell surface level, which was positioned far upstream of KLF4. Although speculative, this may be why the antihypertrophic effect of olmesartan was not attenuated in CM Klf4 KO mice.
In summary, we provide novel evidence that KLF4 regulates cardiac hypertrophy by modulating the expression and the activity of MYOCD. The reagents enhancing KLF4 activity would be a novel candidate for treatment of cardiac hypertrophy.
